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GENERAL INTRQDUCTION 
Soybean [Glycine max (L.) l'Ierr.] makes use of two important symbiotic mI-
crobial systems: the rhizobial system. in which Bradyrhizobium japonictlm fix at-
mospheric N2 in root nodules, and the vesicular-arbuscular mycorrhizal system, in 
which VAM fungi increase uptake of phosphate and/or other nutrients from the soil 
or improve plant drought tolerance. 
Research has confirmed the advantage of bradyrhizobial and mycorrhizal asso-
ciations in Nand P deficient soils; however, these associations may be inhibitory, or 
have little effect on plant growth in well-fertilized soils. In Iowa over the past 30-40 
years, farmers have been adding large quantities of fertilizers to get maximum yields. 
The question is. has increased soil fertilization selected against optimal symbiotic 
microbial associations? If so, how can we impro\·e t he present microbial associations 
for possible use by legumes in low-input. sustainable agricultural systems. 
Two studies were conducted to investigate the levels of YA:\I fungal colonization 
and sporulation in Iowa soils. and the possible influence of P-fertilization on my-
corrhizal fungal efficiency and subsequent interaction with bradyrhizohia. The first 
part. entitled "YA:\l Fungal Colonization of Soybean and Spore Populations in Iowa 
Soils," was a field survey of the soybean rhizosphere t hat evaluated the percentage 
VA:\l fungal colonization in soybean roots and the populations of associated VA:\l 
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fungal genera. This part contains an Introduction, Materials and Methods. Results 
and Discussion. Conclusions, and References Cited sections. Tables also are included 
in the text. 
The second part, entitled" Bradyrhizobium-l\lycorrhizae-Soybean Symbiosis as 
Affected by Phosphate Fertilization," was a greenhouse study that examined the 
influence of VAl\1 fungi, Bradyrhizobium, and P fertilization on soybean growth. 
Also, the effect of VAl\1 fungi on nodulation and nodule occupancy by B. Japonicum 
USDA 110 vs. USDA 123 was investigated. This part has a similar format as Part I. 
These parts are followed by an overall summary of the results. Additional liter-
ature used in General Introduction, Literature Review, and the Summary are cited 
last. 
Appendix A lists the background information regarding cultivar. fertilizer, and 
rotational practices for individual fields surveyed. Appendix B lists the raw data 
for VAM fungal colonization and the population of spores in soybean rhizosphere 
soil (Part I). Appendix C' is an outline of the experimental desig;n for Part II. and 
Appendix D lists the raw data collected in this study. 
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LITERATURE REVIEW 
Mycorrhizac 
The name "mycorrhiza" was given by A. B. Frank (188,:)) to the st rllet ure!; formed 
by the symbiotic association of roots of higher plants and some fungi. Although the 
term was originally applied only to those mycorrhizae that are now known as ecto-
mycorrhizae, Frank in 1887 (as reviewed by Kelley. 1 !B7) extended his definition to 
include the various endotrophic forms. l\lycorrhizae are now applied to all mycotropic 
symbioses between plant roots and fungi (Harley, 1959). 
Endomycorrhizae (vcsicular-arbuscular mycorrhizac) 
Endomycorrhizae (VA mycorrhizae or VA:\I) are fungal-plant associations that 
form morphologically distinct structures. called arbuscules and vesicles. inside the 
cortical cells of the host. Important genera of fungi contributing to V:\:\l associa-
tions belong to the Endogonaceae and include Entrophospom, Glomus, G'gaspora, 
Sclerocystis, Scutellospora. and Acaulospora. VA mycorrhizae are generally regarded 
as uni versal plant symbiont s (Nicolson, 1968). Gerdeman (1968) commented that it 
is easier to list the plant families without these symbioses than those families having 
these symbioses. 
With VAM fungal colonization, the hyphae of the fungus grow through and 
among the cortical cells and produce haustoria-like structures, called "arbuscules," by 
extensive dicotomous branching of the hyphae within cortical cells. These arbuscules 
(Galland, 1905, as cited in Butler, 1939) function in nutrient exchange between plant 
and fungus (Cox et al., 197.5; Cox and Tinker, UJ76; Schoknecht and Hatting, 1976). 
Large vesicle-like structures, called "vesicles," also form within and among cells. 
These are apparently storage organs. although they may convert to resting spores. 
Besides the internal hyphae, there is considerahle growth of the funp;lIs in the 
soil surrounding the roots, forming extramatrical hyphae and sporocarpic-resting 
spores. The extramatrical hyphae effectively increase the absorbing surface for nu-
trient uptake (Rhodes and Gerdeman, 197.5). which is especially important for P. 
This nutrient is otherwise less available because of limited mohility in soil and must 
rely on diffusion to reach the plants. VA mycorrhizae and P uptake relations have 
been extensively studied (Baylis, 1967; Daft and Nicolson, 1969; ~lejstrik, 1975; Hall 
et al., 1977; Timmer and Leyden. 1978). Uptake of water (Linderman. Ul88) and 
other elements also is reported to he enhanced: Zn (Gilmore, 1971), S (Rhodes and 
Gerdeman, 1978), Ca. ~lg. Fe, K, and N (Routien and Dawson. I!H3; Ross. l!lil). 
Development of mycorrhizae and mycorrhizosphere 
:\Iycorrhizal fungal colonization occurs shortly after seed germination when the 
radical is rapidly growing. At this stage, the zone of elongation is expanding and the 
root mainly is using P reserves from the seed. Root exudation also is great in this zone 
of elongation where mycorrhizal fungal colonization is initiated (Smith and Walker. 
1981). Carhon losses from the root apparently are sufficient to sustain the activities 
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of the fungus during spore germination, growth of hyphae to the root, penetration of 
the fungus between and into the cortical cell spaces, and the development of external 
mycelia. 
The external mycelia take up P beyond the zone of nutrient depletion around the 
roots (Barber and Martin, 19i6). Before major P transport to the plant can occur, 
roots likely will be infected by other microflora. At this stage, cellular permeability 
increases because of phospholipid depletion in membranes, and root exudation is at 
its maximum (Ratnayake et al., 19i8; Graham et al., 1981). As hyphal uptake of P 
occurs, root-P contents increase, membrane permeability is reduced, and more C is 
allocated to the mycorrhizal fungus in the root, all resulting in less exudation from 
the root (Graham et aI., 1981). Thus, through improved P nutrition of the plant, it is 
expected that mycorrhizae indirectly alter the activities of other rhizosphere microor-
ganisms and the rhizosphere becomes known as the mycorrhizosphere (Linderman, 
1986). Also, the sphere of influence no longer is rest ricted to zones of soil around 
roots but now occurs around hyphae (mycosphere) extending from the root surface 
into the soil; the mycosphere exerts its own selective influence on microbial activities 
in the surrounding soil (Linderman, 1986). :\Iycorrhizae may he a primary deter-
minant in the microbial management and biological acti\'ities in zones surrounding 
plant roots. 
:\. key difference between the rhizosphere effect in soil around nonm\'corrhizal 
root sand the mycorrhizosphere effect is t he presence of the extramat rical hyphae 
of mycorrhizal fungi, which extend some distance from the host tissue into the soil 
(Rhodes and Gerdeman, 19i8; Graham et al.. 1981). Extramatrical hyphae have 
been shown to exude substances that cause soil and organic fractions to aggregate 
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(Sutton and Sheppard, 19i6). ~Iicroorganisms flourish in the aggregates; fungi. bac-
teria, actinomycetes, and algae (including cyanobacteria) have been isolated from 
them (Forster and Nicolson, 1981). The presence of these microbes in the my co-
sphere inversely may affect mycorrhizal functions such as nutrient and water uptake 
(Linderman, 1988). 
Vesicular-arbuscular mycorrhizae and general microbial interactions 
The reported microbial interactions in the mycorrhizosphere involve a \'ariety 
of bacteria and fungi with specific functional capabilities that may influence plant 
growth. These microbial groups may include strict or facultative anaerohps. extra-
cellular chitinase producers, phosphate solubilizers, antibiotic producers. pathogen 
suppressers, etc. Information is limited, however. for many of these groups. Barca 
et al. (1983) and Bagyaraj (1984) indicated that most of the interactive studies have 
focused on dual inoculation of selected bacteria and mycorrhizal fungi in relation 
to plant-growth enhancement. Bagyaraj and :\lenge ( 1 9i8) reported an increase in 
rhizosphere populations of bacteria and actinomycetes when plants were inoculated 
with Azotobacter or VA mycorrhizal fungi. sing;ly or in combination. The <'fred was 
generally greater with dual inoculation. 
:\Ieyer and Linderman (1986) reported that dual inoculation with V:\:\I fungi 
and rhizobacteria resulted in increased mycorrhizal fungal colonization and syner-
gistic growth enhancement of the host plant. This possibly may have been because 
of increased spore germinat ion as demonst rated by :\Jayo et al. (1986). :\Iost of 
the dual-inoculation reports demonstrate that beneficial bacteria, such as free-living 
and symbiotic ?\:! fixers (Bagyaraj and :\(enge. I!J78: Subba Rao et al.. 198.'): Tilak. 
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1985), phosphate solubilizers (Azcon et al., 19i8; Raj et al., 1981), or plant-growth-
promoting rhizobacteria (Hussain and Vancuara, 19iO; Burr and Caesar, 1983; l\Iayer 
and Linderman, 1986), compliment mycorrhizal fungi to give enhanced plant growth. 
Meyer and Linderman (1986) demonstrated that dual inoculation with VAl\I fungi 
and a growth-promoting pseudomonad induced an additive growth response on sub-
terranean clover (Trifolium subterraneum L). Whether the two organisms interacted 
directly outside the host or indirectly by a physiological change in the host plant 
was not determined. Meyer and Linderman (1986) compared rhizosphere and rhi-
zoplane soil for selection of different functional groups of bacteria. They showed no 
quantitative difference in total bacteria in the rhizosphere soils from mycorrhizal and 
nonmycorrhizal plants. They did, however. show that facultative anaerohes (possible 
N2 fixers and ethylene producers) increased in the mycorrhizosphere soil, fluorescent 
pseudomonads significantly increased in the rhizoplane of mycorrhizal plants, and the 
total numbers of bacteria increased in the rhizoplane of mycorrhizal plants. Their 
study further showed that the microbial shifts in the mycorrhizosphere reduced spo-
rangial induction of the root pathogen Phytophthora cinnamoni. Ames et a\. (1984) 
also demonstrated that certain introduced bacteria were selectively influenced in the 
rhizosphere soil by mycorrhizae. It seems apparent that some of these microbial shifts 
could influence or be directly invoh'ed in plant responses. Some reports suggest that 
the general microAora of the soil may ha\'e a significant influence on the formation of 
the mycorrhizal associations. The development of ext raIllatrical hyphae of mycorrhi-
zal fungi, for example, may be stimulated by the microflora. Sutton and Sheppard 
(19i6) showed that adding nonsterile-soil leachate to a pasteurized soil increased 
the biomass of extramatrical hyphat> of VA mycorrhizal fungi in some undetermined 
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manner. St. John et al. (1983) showed that VAM fungal colonization was stimulated 
by a volatile compound, possibly ethylene, that could have been produced by the 
soil microflora. Bowen and Theodorou (1979) showed that certain bacteria isolated 
from the rhizosphere of ectomycorrhizal associations could stimulate in vitro growth 
of mycorrhizal fungi. -
Hetrick et al. (1988) showed a decrease in plant dry weight and mycorrhizal 
fungal root colonization of big blue stem (Andropogon gerardii Vitman) with the ad-
dition of nonsterile prairie soil sieving or its filtrate to the pasteurized soil in which 
plants were grown. The addition of prairie-soil fungal and bacterial isolates to pas-
teurized soil produced the same suppressive effect; in contrast, addition of nonsterile 
soil, or its isolated organisms to pasteurized soil, improved growth of nonmycor-
rhizal big blue stem. These effects of soil microorganisms on plant growth further 
were quantified by comparing 32p uptake in mycorrhizal/nonmycorrhizal plants in 
pasteurized/nonsterile soil. Mycorrhizal plants grown in pasteurized soil absorbed 
approximately 10 times more 32p than mycorrhizal plants grown in nonsterile soil, 
probably because soil microorganisms limited mycorrhizal activity in nonsterile soil. 
Secilia and Bagyaraj (1987) enumerated the number and nutritional groupings of 
bacteria and actinomycetes associated with pot culture of mycorrhizal fungi grown 
with Panicum maximum Jacq as the host plant. Plants were inoculated with the 
VA-mycorrhizal fungi Glomus fasciculatum, Gigaspora margarita, Acaulospora lae-
vis, and Sclerocystis dussii. Total bacterial populations and numbers of N2 fixers 
were significantly higher when the fungi were Cl. fasciculatum, C. margarita, and 
S. dussii. Also, there were more gram-negative bacteria and urea-hydrolyzers, but 
fewer spore formers. The pot culture of A. laevis harbored fewer bacteria compared 
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with controls. The occurrence of amino-acid-requiring bacteria increased in all pot 
cultures, indicating that the root exudates of mycorrhizal plants contained the amino 
acids that encouraged their growth. Cl. fasciculatum and A. laevis stimulated the 
actinomycetal populations in the root zone. 
VAM interaction with soil-borne fungi and nematodes 
The ability of VAM fungi to limit yield reductions in the presence of plant 
pathogens has been well documented in the review by Smith (1988). According to 
him, most of our knowledge in this area is restricted to greenhouse studies, which 
usually are conducted in sterilized, P-deficient soils and favor maximum plant-growth 
stimulation by the VAM fungus. Because few studies have investigated the role of 
P nutrition, it is not possible to conclude whether responses of mycorrhizal plants 
to pathogens differed from nonmycorrhizal plants at a comparable nutritional status. 
Hussey and Roncadori (1982) noted, however, that the single most common effect 
of VAM fungi on nematode-susceptible plants was to increase their tolerance. Host 
responses of mycorrhizal plants to infection of fungal pathogens have been similar to 
those of P-fertilized, nonmycorrhizal plants. The effects of mycorrhizal fungal root 
colonization on cotton- Verticillium wilt and citrus-Phytophthora root rot relation-
ships were considered to be a direct result of improved plant nutrition (Davis et al., 
1979; Davis and l\Ienge, 1980). Also, Graham and ~lenge (1982) attributed increased 
resistance to take-all disease in mycorrhizal wheat to improved P nutrition. Caron 
et al. (1986) reported that increased P concentrations in a soilless substrate reduced 
Fusarium crown and root rot of tomato. For non mycorrhizal plants, increasing levels 
of available P in the substrate, as well as an increase in the P content of shoot and 
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roots, had no effect on shoot growth, percentage of root necrosis, or final propagule 
density of Fusarium oxysporum f. lycopersici. For mycorrhizal plants, root necrosis 
and Fusarium-propagule densities, however, were reduced at all P levels even though 
the percentage of VA 1\1 root colonization varied from 8 to 6.5%. No explanation was 
offered for the observed limitation in disease and pathogen development on mycor-
rhizal plants. 
Mycorrhizae in Legumes 
The largest contribution of biological N2 fixation to world agriculture is de-
rived from the symbiosis between legumes and species of Rhizobium/Bradyrhizobium 
(Evans and Barber, 19ii). The processes of infection and nodulation of legumes by 
their specific bacteria, and the biochemistry, physiology, and genetics of l':2 fixation 
are well documented (Nutman, 19i7; Broughton, 1978; Bauer, 1981; Gibson and 
Newton, 1981). The infection of a leguminous root by Rhizobium/Bradyrhizobium 
and N2 fixation have high energy requirements. The nitrogenase activity is dependent 
on ATP for the reduction of atmospheric N2 to ammonia; approximately 21 mol of 
ATP are converted to ADP per mol ~2 reduced (Shanmugan et al., 19i8). This hil!;h-
energy requirement. commonly stored by plants in high-energy P bonds, explains why 
the scarcity of soluble P in soil is a critical limiting factor for legumes. becall~e it 
not only affects plant growth but also nodulation and ~2 fixation (Hallworth. 1!).=)8; 
Gates and Wilson, 19i4). 
:\Iineral nutrients other than P. surh as Zn. eu, and :\10, also may limit rhizobial 
growth, nodulation, and symbiotic l': 2 fixation (;\1 nnns and :\Iosse, 1980; Shukla and 
Yadav. 1982). Phosphorus and some of these minor elements may he supplipd by 
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mycorrhizal fungal colonization (Rhodes and Gerdeman, 1980). Thus, all of these 
circumstances account for the key role of mycorrhizae in legume-production systems. 
Inter·actions among speCles of RhizohiumjBradyrhizohium, mycorrhizal 
fungi, and legumes 
The coexistence of a bacterium and a fungus as root endophytes of legumes, 
establishing a tripartite symbiotic association with the host, was first described by 
Janse in 1896, as reported by Barea and Azcon-Aguilar (1983). Jones (1924) found 
that most of the nodulated legumes he examined also were infected by mycorrhizal 
fungi of the VA type, but it was Asai in 1944, as reported by Barea and Azcon-
Aguilar (1983), who first reported that the nodulation of several legumes depended 
on the formation of mycorrhizae. Since that time, the role of mycorrhizae in the 
growth, nodulation, and Nz fixation of legumes has been a subject of increasing 
interest. VAM fungal colonization may influence nodule activity either indirectly 
by enhancing nutritional conditions of the host plant (Cluett and Boucher. 1983) or 
directly by stimulating nodule function (Barea and Azcon-Aguilar, 1983). 
Effect of dual inoculation on legumes 
~lycorrhizal and nodulated plants usually have a lower root/shoot ratio than 
plants inoculated with either the fungal or bacterial symbiont alone (Asimi et al., 
1980; Redente and Reeves, 1981; Piccini et al. 1988). This is a typical response 
to improved mineral nutrition (Smith 1980. 1982) .. Moreover, it appears that dual 
inoculation with a suitable species of Rhi:obium/Bradyrhizobium and mycorrhizal 
fungi not only enhances the nut rient content in t he above-ground plant material but 
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also seems to provide a nutrient supply that is well balanced. Consequently, the 
biosynthetic processes taking place in these legume-Rhizobium-mycorrhizal fungal 
associations can lead to an improvement in yield. 
The role of mycorrhizal fungal colonization in legume production was estahlished 
by studies started in the 1970s and continues today. The experimental assays hy Ross 
and Harper (1970) and Ross( 1971) demonstrated that mycorrhizal fungal inoculation 
increased yield of soybean, and that mycorrhizal plants contained a higher N concen-
tration and content in their shoots than nonmycorrhizal controls. Similar results were 
reported by Bagyaraj et al. (1979) showing an increase in dry weight. N content, and 
nodulation in soybean with dual inoculation. Piccini et al. (1988) reported increased 
plant shoot weight, enhanced O 2 uptake, and nitrogenase activity with lower root-
to-shoot ratios. Young et al. (1988) reported 40% increase in yield of soybean with 
dual inoculation of Bradyrhizobium-VA~l fungi, compared with a single inoculation 
with Bradyrhizobium, and a 26% increase using a mixed inoculation compared with 
a single inoculation with VA~l fungi. 
Bevege et al. ( 197.5) and Pang and Paul (1980) reported reduced energy costs to 
the host plant in terms of photosynthate drain with dual symhiosis, while Kucey and 
Paul (1982) studied the distrihution of CO 2-C fixed by ~ricia /aba and showed that 
mycorrhizal fungi utilized approximately 4% of the C. whereas nodules used 6% of 
the C fixed by the nonmycorrhizal beans and 12% of that fixed by the mycorrhizal 
plants. In spite of this. the rates of CO 2 fixation for the mycorrhizal plants were 
higher than for the nonmycorrhizal plants. and it appeared that the host legume 
compensated for the C drain to the endophytes with increased CO 2 fixation. 
~lycorrhizal fungi and Rhizobium/Bradyrhizobium that colonize plant roots 
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growmg m well-fertilized soils probably have little effect on overall plant growth, 
and may even be inhibitory (Bethlenfalvay, 1983). Gabor et al. (1985) reported 
that soybean plants singly inoculated with either YAM fungi or Bradyrhizobium were 
higher in dry weight compared with dualy inoculated plants; also, inhibition of growth 
and N 2 fixation in YAM plants was greatest at the highest and lowest P regimes. It 
was suggested that mycorrhizal fungal inoculation experiments should include testing 
of the interactions of VAl\I fungi at a series of phosphate levels (Hall, 1978; Powell, 
1980) in order to select the P doses optimal for the mycorrhizal association. 
Effect of mycorrhizae on nodulation and nitrogen fixation 
Early observations suggested several approaches to study the physiological as-
pects of the legume-Rhizobium-mycorrhizal fungal interactions. One of these tried 
to ascertain whether mycorrhizae enhanced symbiotic N2 fixation only through the 
stimulation of host-plant nutrition, or whether they also exerted a more direct ef-
fect on nodulation and nitrogenase activity. The increased availahility of P to the 
nodules by mycorrhizal hyphae does not preclude the importance of suitahle P nu-
trition of the host. If the plant is well nourished, the nodules also will receive a 
suitable P supply for their function. ,\Iosse et al. (1976) found that plants did not 
nodulate unless their P concentrations were at least 0.15 %; mycorrhizal fungal colo-
nization helped the plants to reach this required le\·el and nodulation then occurred. 
Robson et al. (1981) also supported the idea that mycorrhizal effects on nodula-
tion take place through host nutrition. In contrast, Smith and Daft (1977) reported 
that mycorrhizal-induced increases in ;\2 fixation in Medicago sativa preceded any 
effect on plant growth. Their work suggested that nodules demand P first. Smith et 
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al. (1979) then used time experiments to elucidate the development of interactions 
among components of the tripartite symbiosis, and confirmed that the mycorrhizal 
effect on nodulation, nitrogenase activity, and nodule efficiency occurred before any 
positive-growth response because of VA:\I fungal colonization in low-nutrient soils. 
This effect was not present in more fertile soils. This indicated that the demand for 
P in nodular tissues is closely tied to N2 fixation when the P supply is a limiting 
factor. 
A stimulation of nitrogenase activity by VAM in the soybean-Bradyrhizobium 
japonicum symbiosis was reported by Asimi et a!. (1980) and Piccini et al. (1988). 
This suggested "a particular sensitivity" of Bradyrhizobium to mycorrhizal effects 
and confirms the role of VA:\I to satisfy the high P demands for the processes of 
nodulation and N 2 fixation. 
Because there is no direct contact between the mycorrhizal fungi and Bradyrhi-
zobium bacteroids, any P supply must pass through the host cells. The role played 
by the YAM-specific phosphatases in the arbuscllies developed in side root cells ad-
jacent to nodules was suggested as being of great significance in phosphate transfer 
to bacteroids (Asimi et al., 1980); however. no direct evidence is yet availahle. 
Another question on the mycorrhizal effects on symbiotic X 2 fixation is whether 
these are exclusively mediated by phosphate, conversely, if mycorrhizae have any 
implications in addition to those resulting from the improved P supply. Asimi et 
a!. (1980) found that soluble phosphate can replace VA~I fungi in increasing nitro-
genase and nitrate reductase acti\'ities in nodulated soyhean. Thus, they suggested 
that P is almost exclusively responsible for the mycorrhizal effects and that soyhean 
endophytes interact indirectly. 
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Non-nutritional, direct interactions 
During the process of infection, the VAl\I fungi and bradyrhizobia enter the root 
simultaneously, usually within a few days after seed or seedling inoculation. It ap-
pears that the two endophytes do not compete directly for infection sites (Smith and 
Bowen, 1979). Legume nodules are usually not invaded by the VA1\1 fungus (Crush. 
1974; Smith et al., 1979). Because VA mycorrhizal fungi and Bradyrhizobium both 
are functional within the cortical cells of roots, and both may be affecting hormonal 
levels, it is logical to postulate that the presence of one will affect the infection and 
function of the other. ?'l'ot much information is available in this area, perhaps because 
of the complexity of the mechanisms involved. Extracellular polysaccharides from 
Rhizobium/Bradyrhizobium may increase cell permeabilities of the host and affect 
VAM fungal colonization. Azcon et al. (1978) and Azcon and Barea (I!)78) com-
pared colonization levels in mycorrhizal plants after treatment with pure substances 
and preparations from cultures of R. mcliloti. Cell-free supernatants from the R. 
me/iloti cultures increased VA:\I fungal colonization in M. sativa to a similar extent 
as pure plant hormones when applied at similar doses. The hormonal interactions 
in the rhizosphere of legumes may be quite complicated because VA:\I fungi have 
been reported to produce plant-like hormones also (Barea and Azcon-Aguilar. 1982). 
These substances may be im"olved directly in t he mycorrhizal effects; for example. 
:\Iosse (1!)62) found that VA.\1 fungal colonization stimulated branching of infected 
roots (a typical hormonal effect). and Allen et al. (HI80. 1982) demonst rated that 
VAM fungal colonization increased t he hormonal level in the host plant. These hor-
monallevels could be important because plant hormones playa role in the infection 
mechanism of legume roots by Bradyrhizobium (Nutman. 1977). 
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The question of whether the interaction between Bradyrhizobium and mycorrhi-
zal fungi is positive or negative, and whether it is direct or indirect, was analyzed 
by Helen and Boucher (1983). Twenty data sets taken from 16 articles since 19i4 
on this relationship were statistically analyzed to determine if there was evidence for 
either competition or mutualism, and whether the mycorrhizal-Rhizobium interaction 
could be explained by the effect of mycorrhizae on plant growth and nodulation. Re-
sults from the analyses showed that inoculation with mycorrhizal fungi significantly 
increased nodulation in 16 experiments. significantly decreased it in one. and had 
no significant effect in three. Thus, it is clear that mycorrhizal fungal colonization 
generally has a positive effect on Rhizobium/Bradyrhizobium nodulation. In 19 of 
the 20 data sets, mycorrhizae did not increase Rhizobium/Bradyrhizobium activity 
beyond the level expected because of the change in plant dry weight and. thus. the 
relationship appears to be indirect. 
Specificity in tripartite symbiosis 
The concept of specificity is well documented for two components (Rhizobium/ 
Bradyrhizobium-Iegume) of this association. It has not been clearly demonstrated, 
however, for the V..\:\l fungus-host combination and similarly between specific Rhizo-
bium strains and V:\:\l-fungal species. VA-mycorrhizal associations involve six genera 
of Endogonaceae. and it is logical to assume that t his varied group of fungi are likely 
to differ in their optimum growth requirements and their interaction with other part-
ners in symbiosis. 
:\Iost of the studies conducted to understand the VA:\I fungal role in this tripar-
tite association ha\'e used either Glomus sp, singly as G, mosseae (Ames et al.. 1983; 
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Gabor et al., 1985; Hicks and Loynachan, 1987; Romanie et al., 1987), C. Jascicu-
lalum (Bagyaraj et al., 1979; Gabor et al., 1982; Harris et al., 198.5; Piccini, 1988), 
or as mixed inoculum (Purcino et al., 1986; Yoshitaka and Yamamoto, 1986; Young 
et al., 1988). Little consideration has been given in selecting or screening the VA~l 
fungal component. 
If the goal in this tripartite association is to maximize plant growth, then op-
timal combinations of mycorrhizal fungi and selected bacteria should be used. It is 
important, therefore, to identify the best strains of microbes for the planting situa-
tion, verify their compatibility and combined efficiency, and employ this comhination 
inoculum in real agricultural situations (Linderman, 1986). l\lycorrhizal fungi and 
bacterial associates must be characterized as completely as possible regarding the soil 
conditions, climatic conditions, and host cultivars preferred. 
VAM Studies in Iowa 
Most VA~1 studies in Iowa are very recent. They started with taxonomic work 
in an effort to determine the diversity, distribution, and population levels of different 
VA:\1 fungi. Recent work involves a more applied approach; i.e., V:\:\1 fungal interac-
tions with other soil microflora. their efficiency at different nutrient levels, and their 
significance in crop improvement. 
Taxonomic studies 
Walker et al. (1982) conducted a cooperative research study by Iowa State tTni-
versity and the ;';orth Central Forest Experiment Station, tTSOA Forest Service, on 
the intensi\'e culture of hybrid poplars. Four clones of poplar hybrids were planted 
18 
at two locations in central Iowa. These hybrids were investigated for their mycor-
rhizal status and development. Samples of rhizosphere soil were taken and popula-
tions of Endogonaceae spores examined. At one of the sites, the effects of plowing 
and herbicide treatment on spore numbers also were examined. At the first lo-
cation (4-H Camping Center, Boone Co., IA), ten species of fungi in the genera 
Acaulospora, Gigaspora, and Glomus were recorded. At the second location (an old 
meadow near Rhodes, :\Iarshall Co., IA), 12 species from Acaulospora were recorded. 
Among the 1.5 species found, there were three previollsly undescribed taxa (Walker 
and Rhodes, 1981; Walker and Trappe. 1981; Walker et aI., 1982). The distribu-
tion of species and spores within the soil was extremely \'ariable over bot h space 
and time. Some fungi sporulated in clumped distributions, whereas others produced 
spores more evenly throughout the soil. A general frequency distribution O\'er the 
sampling period showed higher populations of Acaulospora scrobiculala, A. lrappei, 
G. ca/ospora, and G/. occultum at the first site, whereas A. spinosa, A. scrobiculala, 
and C/. fasciculalum were dominant at the second site. Spore populations decreased 
with reduced soil moisture. Also. a depression in spore production was associated 
with plowing and herbicide treatment. 
In a recent survey of fungi associated with tall-grass prames III central Iowa, 
Shearer (1988) reported 16 species of \""A~I fungi; 1.5 of these species were from virgin 
soils of Plover, Doolittle, and Ames prairies. :\'ine species were found in restored 
prairie soils at the :\'orton prairie. The number of \""A:\1 spores fluctuated widely in 
samples from different sites and at different times from the same site. 
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Interaction studies 
Groth (1980) studied the interactions of nutrition, root disease, and metalaxyl 
(fungicide) with Glomus fasciculatum isolate 183 in maize. Results showed that fer-
tilization with P, manure, and P plus manure decreased the VAM fungal colonization 
of maize. Conservation tillage practices did not affect the number of VA:\I fungal 
chlamydospores in the soil when compared with conventional deep plowing. There 
was, however, a stratification of chlamydospores and P in conservation tillage systems 
in the upper 10 cm of soil compared with the soil below, but no stratification with 
deep plowing. It appeared that inoculation with GI. fasciculatum isolate 1tn. and 
the subsequent increased VA:\I fungal colonization, increased Fusarium root rot of 
maize. The fungicide metalaxyl did not decrease VA:\I fungal colonization. 
Hicks and Loynachan (1987) reported that P fertilization reduced VA:\I fungal 
colonization and changed the nodule occupancy of field-grown soybean at different 
locations in central Iowa: east of Boone. IA (Nicollet series); south of Ames. IA 
(Webster series); and south of Sheffield, 1.-\ (Dinsdale series). Results showed that 
P fertilization signi fican tly red uced VA:\I fu ngal colonization by an a \"(~rage of 80~1: 
however, P addition did not influence total nodulation or seed yield. Bradyrhi::obium 
japonicum serogroup 123 was significantly reduced and an unknown serogroup sig-
nificantly increased in nodule occupancy with added P. In the nonfertilized plots. 
average occupancy by 12:~ was 72~1 compared with :~i(;'( in the P-fertilized plots. This 
study suggested some relationship between VA:\I fungal colonization and serogroup 
123 occupancy, so a greenhouse study was conducted to test the hypothesis that 
VAM fungal colonization increased the compt'titiveness of serogroup 123 in forming 
nodules. In sterile soil. antibiotically marked strain FSDA 123 was evaluated against 
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USDA 110. Glomus mosseae was used as the VAM fungus. Results indicated that 
competitive abilities of USDA 123 were unrelated to GI. mosseae colonization. 
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PART I. 
VAM FUNGAL COLONIZATION OF SOYBEAN AND SPORE 
POPULATIONS IN IOWA SOILS 
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1. INTRODUCTION 
The occurrence and distribution of Endogonaceous fungi are currently of great 
interest because of the role of these fungi in soil fertility and plant nutrition. The 
Endogonaceae is a family of the order :'.lucorales in the class Zygomycetes (Benjamin) 
19i9). The type genus of the family, Endogone, consists of 11 species (most of 
which form ectomycorrhizal associations)) whereas the other six genera of the family 
(Acaulospora, Entrophospora, Gigaspora, Glomus, Sclerocystis, and Scutellospora) 
currently encompass 130 species (:'.lorton, 1990). 
Although the occurrence of VA~1 fungi has been reported in various agronomic 
soils (Kucey and Paul, 1983; Jeffries et al., 1988), their role in natural and human-
made ecosystems still is poorly understood. This perhaps is because 1) systematics 
have not provided the theoretical hase for relati ng fu ngal di versi ty / si milari ty to the 
range of biological interactions that exist in nature Dlorton, 19!JO), 2) many VA:'.1 
workers appear to avoid field inoculation experiments and stick to "academically 
safer" experiments in sterilized soil in pot trials. and :3) much work yet remains on 
the specific effects of VA~1 fungi on individual plant species. For example. Schenck 
and Perez (1990) reported differences in mycorrhizal responses among plant culti-
vars within a single plant species, and differences on the same cultivar in different 
ecosystems, soil types. and in similar soils but with differin~ hiological. chemical. or 
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physical components. Thus, mycorrhizal workers are still unable to predict wit h con-
fidence the agronomic significance of mycorrhizae in many field-grown crops (Powell 
and Bagyaraj, 1984). 
Relatively few studies have been conducted in the midwestern U.S.A. to evaluate 
the mycorrhizal stat us of soils. Hicks and Loynachan (1987) reported the presence of 
VAM in field-grown soybean [Glycine max (L.) ~lerr'J, but. no attempt was made to 
identify the fungi involved. 
A reduction of VA~I fungal root colonization in soils with high P fertilization is 
well documented (Powell, 1980; Bethlenfalvay, 1983; Hicks and Loynachan, 19~7). In 
Iowa over the past 30 to 40 years, large quantities of P fertilizers have been added 
(Voss, 1982), resulting in increased soil-test P levels. Has increased soil P levels, 
because of P fertilization, selected against optimal mycorrhizal associations'? 
If optimal benefit from the VA~l symbiosis is to be accomplished to benefit one 
of Iowa's economically important crops (soybean), it is critical that the identity of 
the VAM fungi indigenous to Iowa soils be known. Otherwise, we can neither relate 
research results from other areas nor can we interpret our own results accurately. 
This study describes a survey of VA~l fungi in Iowa soybean soils in which 
root colonization, spore number, and commonly associated endogonaceous genera 
were evaluated. Also, background information regarding cultivar. fertilizer program, 
soil organic matter. available P. K. herhicide and pesticide lise. and ot her data on 
individual fields were recorded that might explain biological variability. 
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2. MATERIALS AND METHODS 
2.1 Collection of Soil and Root Samples 
Soybean plants and rhizosphere soil were collected in a systematic manner from 
15 soils in central Iowa, representing five soil series. during 12-17 .J uly If)~fl when 
most of the crop was at the late vegetative (V6-V7) to early reproductin' (H1-R2) 
growth stages. Soil series, organic matter, P, K, pH, and taxonomic classification are 
given in Table 2.1. All soils had clay loam or silty-clay loam surface textures. 
Each soil was sampled by taking plants and soil from two subsamples, each 
located 10 rows apart. For each subsample, a soyhean plant was randomly chosen 
from within the row at 3-m intervals until five plants were collected. The soybean 
plant was decapitated, the physiological growth stage noted, and the soil and plant 
removed hy using a soil-core extractor (10.!) cm dia x 16 cm deep) centered Over the 
tap root. Each soil and plant sample was placed individually into plastic bags for 
transport to the lahoratory and stored at ·1° (' until analyzed. 
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Table 2.1: Characteristics of soybean-growing soils surveyed in Iowa 
Soil series O.M.a pa Ka pHa 
g kg- l mg kg- l mg kg- l 
Clarionc 
soil 1 ?~ ~I 23 .. 5 104.0 6..1 
soil 2 41 19.0 94 .. 5 6.7 
soil 3 38 110 . .5 .506.0 6,4 
nlean 35( 0.2)b .51.0(0..1) 23.5( 6..l) 6.5(0.1) 
Kenyon C 
soil 1 42 35.0 17.5.5 6.6. 
soil 2 47 48 . .5 186.0 7.0 
soil 3 37 38.5 18""5 6.0 
mean 42(0.1) 40(4.6) 182(1.6) 6.S( 0.1 ) 
SharpsburgC 
soil 1 41 98 .. 5 319.5 5.3 
soil 2 48 67.0 502.0 6.2 
soil .3 44. 67 .. 5 ,174.0 .5 .. 5 
mean 46(0.1) 77.6(7.0) 431.8(9 .. 5) .5.1(0.1) 
Tamac 
soil 1 46 62.0 .166.0 6.1 
soil 2 36 29 . .5 106.0 6.7 
soil 3 ·t .5 43 .. 5 3.51.0 6.8 
nlean 42(0.1) ·IS.O( 7..t) 3·11(8.2) fl .. 5( 0.1 ) 
a Organic matter (O.~l.) was determined by the :\Iebius method; P by Bray 
PI extraction; K by neutral 1 mol L -\ XH 4 0Ac extraction: and pH hy 1:1. soil to 
water. 
I,~Iean of six obser\'ations (:::: S.E. of t he mean). 
cClarion is a fine-loamy. mixed. mesic Typic Haplaquolls: Kenyon is a fine-
loamy, mixed, mesic Typic Hapludolls; Sharpsburg is a fine, montmorillonite, mesic 
Typic Argiudolls; Tama is a fine-silty, mixed, mesic Typic Argiudolls; Webster is 
a coarse-loamy. mixed. mesic Typic Haplaqllolls. 
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Table 2.1 (Continued) 
Soil series O.:\l.a po Ka pHo 
g kg- 1 mg kg- 1 mg kg- 1 
WebsterC 
soil 1 S9 78 .. ) 111.0 7.7 
soil 2 .)7 106 .. ) 173.0 - .) I.~ 
soil 3 60 81.0 181.0 7.0 
mean 59(0.2) 88(2.7) 1.)5( 7.1) 7.3(0.1 ) 
F statistics 
Among series **. ••• t .. ..t 
Within series NS •• • •• ••• 
**, H. Significant at 0.01 and 0.001 probability le\·els, respectively. 
?-IS - Not significant. 
2.2 Mycorrhizal Fungal Colonization of Roots 
2.2.1 Fixing and preservation 
The plant tap and attached lateral roots \\'f're carefully teased apart frolll ad her-
ing soiL and washed gently to remO\'e soil particles. Fine root segments were placed 
in plastic tissue-holding capsules and dipped into FAA (.) mL formaline, S 1111. glacial 
acetic acid, and !"l0 m L ,0(-;; ('t hanoi) for 2·1 h and later preserved in 70<)( et hanoI. 
2.2,2 Clearing and staining of roots 
'\'hole mounts of roots were made hy USIng a modified Phillips and Hayman's 
(1970) procedure. Roots segments, fixed in FA:\, were autoclaved for .) min in 10(::( 
2i 
KOH. Roots were then washed thoroughly with distilled water and stained by sim-
mering for 24 h in 0.05% Trypan blue in lactophenol. The excess stain was destained 
and removed in lactophenol. 
2.2.3 Mounting of roots 
Roots were cut into l-cm segments, and 10 root segments from each plant were 
mounted in ladophenol on microscopic glass slides. Slight pressure on the cover slip 
flattened the KOH-treated segments, so that the characteristic vesicles, arbuscules, 
longitudinally running internal hyphae, and entry points of the endophytes stood 
out clearly against the outlines of the root cells. Presence (+) or absence (-) of 
mycelium, vesicles, and arbuscules per segment was noted, which gave the number 
of root segments infected per plant. Fifty root segments per subsample were used to 
determine the extent of colonization (percentage of roots showing either mycelium, 
vesicles, or arbuscules). 
2.3 VAM Spore Enumeration 
The five soil samples (collected from each plant in each sllhsample) were thor-
oughly mixed together to form a composite soil subsample. Two 100 g quantities of 
wet soil were taken from each subsample. one for spore analysis and the other for 
moisture determination (dried 24 h at 10.)° ('). 
Soil for spore collections was dispersed by vigorous stirring in 2.500 mL water in 
a plastic beaker, and the resulting suspension was allowed to settle 12 h. Then, the 
suspension was gently decanted through a nest of sieves .500-Jlm (3.5 mesh), 140-llm 
(100 mesh). 61-lllll (2.50 mesh). and .53-IIIIl (nO mesh) to remove the coarse and 
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fine soil particles. The material retained on the fine sieves was washed into beakers. 
After the heavier particles settled, the water was filtered through a grided millipore 
filter (pore size 0.80 JIm). 
Each millipore filter was transferred to a plastic petri plate and systematically 
scanned under a stereoscopic microscope at 30 to .50X magnification. and endogona-
ceous spores that appeared translucent were counted. 
2.4 Identification of Indigenous VAM Genera/Species 
YAM fungal spores from the field soils were propagated in pot culture in the 
greenhouse for 1-.1 weeks to get fresh spores for spore identification wit h complete 
diagnostic characteristics such as spore walls. colors. and hyphal attachments. 
A combination of soil and roots from each field site was mixed thoroughly with 
steamed (80 0 C for 45 min) sand (1:10 ratio by weight) and seeded with Williams 82 
soybean seeds. Plants were watered alternately with a) tap water and b) Broughton 
and Dillworth (1970) nutrient solution with low P level (1.6 mg P04-P L -1). 
Soybean plants were harvested after 1-.1 weeks, and each pot's soil was wet sie\'ed 
(described earlier) to collect V..-\:\I spores for identification. The first 20 spores from 
each millipore filter were picked up, mounted in PYLG + :\Ielzer's reagent on a 
microscope slide, and identified at 100 to 400X according to the procedures of Schenck 
and Perez (1990). 
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3. RESULTS AND DISCUSSION 
3.1 VAM Fungal Colonization 
Field-grown soybean varied significantly among soil series (P ~ 0.001) and within 
soil series (P :; 0.01) in the extent of mycorrhizal fungal colonization (Table 3.1). 
The percentages of VrtM fungal root colonization were not significant ly different 
among soils within the same soil series, except plant roots from Clarion soil :~ showed 
significantly less VAM fungal colonization than did the other two Clarion soils. 
Highly significant differences in colonization among soil series indicate a dom-
inant role of soil factors in VA~I fungal occurrence. Roots from plants growing in 
\Vebster soils, which are poorly drained, had less V:\;\I fungal colonization than did 
plant roots from Clarion, Tarn a, Sharpsburg, and Kenyon soils. which are well to 
moderately well drained. 
Water-logged soils may inhibit mycorrhizal formation through lack of at'ration. 
Mosse et al. ( 1981) found that germination of Glomus mosseae spores was inhibited 
by reduced O2 tension and that su hsequent hyphal growth was poor. Furthermore, 
under reducing condition. a complex array of toxic suhstances such as 1I 2 S, reduced 
1\ln. and various organic acids are liberated that may have toxic effects on mycorrhizal 
fungal spore germination and hyphal colonization. 
Soil pH. organic matter content. and nutrients levels are other important soil 
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Table 3.1: Percentage VAM fungal colonization and spore population in 
Iowa soils 
Soil series VAM fungal colonization Spore count 
Hyp.a Ves.a Arb.a 
% (100 gt 1 Soil 
Clarion 
soil 1 98al> 65a 94a IS7a 
soil 2 88a 26a 72a 1·17a 
soil 3 66b 18b 32b 7Ia 
mean 84(6.IY 36(11.2) 66(24.8 ) I :J.)( 24.8) 
Kenyon 
soil 1 86a 42a 72a ~Na 
soil 2 96a .56a 82a 2:32b 
soil 3 92a 62a .52a GSa 
mean 91(3.3) 54(7.8) 68(7 A) I33( 35.1) 
Sharpsburg 
soil 1 94a 48a .58a 998a 
soil 2 94a 64a 68a 201b 
soil 3 96a 66a 78a 6Sb 
mean 94( 1.9) .59{8.7) 680).2) ol22( 188.0) 
Tama 
soil 1 99a 60a SOa 66a 
soil 2 9Sa .58a Sola 82a 
soil 3 94a ·14a 76a 267b 
mean 97( 1.3) 54(3.9 ) 80(2 .. 5 ) 13S( ·16.6) 
<l Hyp. Hyphae; Ves. Vesicles: Arb. Arbuscules. 
I>Soil means followed by different letters are significantly different (P ~ 0.05) as 
determined by Duncan's multiple range test. 
cSeries mean is the mean of 30 observations (± S.E. of the mean). 
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Table 3.1 (Continued) 
Soil series V A:\I fungal colonization Spore count 
Hyp.a Ves.a Arh.a 
% (100 gr 1 Soil 
Webster 
soil 1 96a 28a 44a 840a 
soil 2 7Sa .52a 32a 510a 
soil 3 7Sa 24a 42a 330a 
mean 77(.5.2) 34(7.2) 39(SA) .560( 139.6) 
F statistics 
Among series "''''''' *'" "'t'" ••• 
\Vithin series ,., •• .*'" t* 
.. , **, *** Significant at 0.0.5, 0.01 and 0.001 probability levels, respectin'ly. 
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Table 3.2: Pearson correlation for VAM fungal colonization 
and soil characteristics 
Yes. Arb. Spore O.M. 
Hyp.a 0.57·· 0.67··· -0.18 -0.38· 
Ves.a 0.3.5· -0.23 -0.29 
Arb.a -0 .. 53· -0 .. 54· 
Spore 0 .. 54 • 
0.1\1.& 
p& 
aHyp. Hyphae; Yes. Vesicles; Arb. Arbuscules. 
&0.1\1. Organic matter; P Bray PI phosphorus. 
P pH 
-0.37· 0.1.5 
-0.07 0.28 
-0.49· 0.2.5 
0.31 -0.07 
DAD· -0.3!)· 
-0.16 
·'··'···Significant at 0.05, 0.01, and 0.001 probability levels, respectively. 
factors that may affect VA:\1 fungal colonization. In this study, differences in pH 
were not related to VAl\I colonization. Negative correlations (Table 3.2), however, 
were found between the extent of colonization and soil available P (P:,: 0.0.5), and 
the extent of colonization and soil organic matter (P S; 0.05). Several workers have 
shown that the formation and continued development of VA:\1 are inversely related 
to P supply (Ross, 1971; Khan. 1972; :\losse, 1973). Research has failed to deter-
mine. however, whether P affects fungal development in soil or the colonization and 
development process inside the root (Cooper, 197.5). 
Contrary to the widely accepted belief that maximum root colonization and 
sporulation occur in soils of low fertility. we found that a large amount of mycorrhizal 
colonization was common in all plants sampled (Table 3.1). Colonization was not 
restricted to plants from poorer soils (Clarion. soil 2 with 19 mg kg- 1 P), but also was 
characteristic of those from soils with relatively high levels of available P (Clarion, 
soil 3 with 221 mg kg- 1 Pl. Similar results were reported by Hayman (197:» and 
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Jeffries et al. (1988). 
VAM fungi differ in their sensitivity and tolerance to applied P (Mosse et aI., 
1981), and some VAM fungi apparently are quite tolerant to high P fertilizer regimes 
(Cooper and Losel, 19i8). It is quite possible that with the passage of time, VA~I 
fungi indigenous to Iowa soils have evolved species that are less sensitive and better 
adopted to high P lewIs. 
Vesicle and arhuscule formation was erratic, fluctuating from series to series and 
from soil to soil. Vesicle formation was significant ly different among series (P ::.. 0.01) 
and within series (P S 0.01), and differences in arbuscule formation were highly 
significant among and within series (P :::.: 0.001). 
The proportion of arbuscules to vesicles is influenced by the stage of plant devel-
opment (Saif, 197i). During active vegetative growth. mainly arbuscules are formed 
because of the availability of young cortical cells of new roots and active exchange of 
nutrients among the symbionts. At the flowering/fruiting stage, however, the produc-
tion of vesicles increases and arbuscular colonization decreases (~Iosse et at., 1981). 
Soybean samples in this survey were collected at late vegetative (V6-Vi) to early 
reproductive growth stages (RI-R2), so arbuscules were expected to he more ahun-
dant than vesicles. At this transitional stage of host development, it seems reasonable 
that differences of even a few days in plant maturity might have si~nificant effects on 
wsicle formation and the arbuscule/\'esicle ratio. Soybean varieties. planting dates, 
rainfall, and light intensity might be some of the factors that contributed indirectly 
to variation in vesicle and arbuscule proportions. 
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3.2 VAM Fungal Spore Distribution 
VAM fungal spores were quite common in all the soils sampled (Table 3.1). Total 
spore numbers were significantly different (P S; 0.001) among soil series and within 
soil series (P S; 0.01). Within series, total spore numbers varied significantly from 
soil to soil in the Kenyon, Sharpsburg, and Tama. 
No significant correlation was found between percentage hyphal colonization and 
soil spore count (Table 3.2). Colonization and subsequent spore production by VA;\1 
fungi are influenced by a wide range of environmental, host, and fungal factors, so 
the two phenomena are not necessarily correlated. For example, sporulation can be 
markedly affected by the wide-spread occurrence of the nonspore-forming "fine en-
dophyte" (1\1osse et aI., 1981), or by interactions between endophyte species (Ross 
and Ruttencutter, 1977). Also, sporulation can be depressed by hyperparasitic fungi 
(Schenck and Nicolson, 19(7), by nematodes, and by fertilizer treatments. Further-
more, all counted spores may not be viable; Jeffries et al. (1988) noted that most 
counted spores were indeed spore cases. Spores are not necessarily the only source of 
soil inoculum. The spread of hyphae of \'esicular-arbuscular mycorrhizal fungi from 
adjacent mycorrhizal roots (PowelL 1976) or from dead organic matter (Warner and 
;\losse, 1980) also can make a significant contribution to the soil inoculum potential. 
Variation in spore numbers also may be related to the host developmental stage 
and VA;\1 fungal colonization process. Low ratios of spore numbers to higher VA~1 
hyphal colonization in some soil samples (Kenyon soil 3, 68:92; Sharpsburg soil 3. 
68:96; Tama soil 1. 66:99) probahly were because of spore germination that caused 
infection and the subsequent decay of the spores from the pre\'ious season. whereas 
higher spore numbers and less VA~I hyphal colonization in Webster soils 2 and :3 
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(510:78 and 330:78) may be because of the ungerminated spores from the previous 
year. Higher spore counts and VAM hyphal colonization (Sharpsburg soil 1, 998:94; 
Kenyon soil 2, 232:96; Tama soil 3, 267:94) perhaps indicate the formation of new 
spores plus the carryover of spores from the last season. Similar variations in spore 
distribution have been reported by other workers (Readhead, 197.5; Mosse et al., 1981; 
Walker et al., 1982). 
Glomus was the most abundant VAl\1 fungal genus associated with the soybean 
rhizosphere soils surveyed (Table 3.3). Common Clomus species identified included 
C;/. etunicatum, G/. intraradices, Cl. constrictum, and CI. mosseae (Figure :3. L Fig-
ure 3.2, Figure 3.3, Figure 3.4). Cigaspora was t he second most common genera 
found, but only one species was dominant C. margarita (Figure 3 . .5). Acaulospora 
was found less frequently; two species were present and one was identified as A. 
spinosa (Figure 3.6). Scutellospora was found only in a few samples (Figure 3.7). 
Species were not identified. 
This preliminary survey was an initial assessment of the vesicular arbuscular 
mycorrhizal fungal status of soybean in the :\lidwest, so it is not possible to compare 
the relative frequencies of these genera and species with other locations. Soil st udies 
from other sites in ~orth America indicate that species of Glomus are wide spread, hut 
species of Acaulospora, Gigaspora, Sclerocystis. and Entrophospora also are commonly 
found. 
Walker et al. (1982) recorded ten species of VA:\1 fungi belonging to Acaulospora, 
Gigaspora, and Glomus associated with hybrid poplars at two locations in central 
Iowa. Shearer (1988) reported 13 species from tall grass prairies in central Iowa also 
belonging to the same genera. with one additional species belonging to Sclerocystis. 
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Table 3.3: Percentage VAM fungal spores distributed in different Iowa 
soil series during the soybean growing season 
Soil series Spore distribution 
Cl.a C a J. A.a Sc.a 
% 
Clarion 
soil 1 68 22 0 10 
soil 2 76 17 7 0 
soil 3 66 ')-~I 0 I 
mean 69(2.7)b 22(3.3 ) 2( 1. 7) G(2.0) 
Kenyon 
soil 1 7.5 ')~ ~.) 0 0 
soil 2 81 12 .5 2 
soil 3 80 10 10 0 
mean 78(2.1) 16(3 . .5 ) 6(2 . .5) 1(0.8 ) 
Sharpsburg 
soil 1 68 20 .5 7 
soil 2 63 ')~ ~.) 12 0 
soil 3 78 22 0 0 
mean 69(3.0) 22(1.7) 6(2.7) .)('> ~) - _ .. ) 
Tama 
soil 1 88 12 0 0 
soil 2 S.) 1.5 0 0 
soil 3 78 1.5 0 I 
mean S3(2.1 ) 14(1.3)) 0(0.0 ) 2(1.7) 
acl. Glomus: G. Gigaspora ; A. Acaulospora; Sc. Scute//ospora species. 
b:\Iean of six obseryations (::: S.E. of the mean). 
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Table 3.3 (Continued) 
Soil series Spore distribution 
Gl.a G.a A.a Sc.a 
% 
Webster 
soil 1 78 20 0 2 
soil 2 81 15 2 2 
soil 3 73 17 .5 .5 
mean 77(2.1) 17( 1.7) 2( 1.1 ) 3( 1.0) 
F statistics 
Among series ** NS NS NS 
Within series ~S NS * NS 
*, H Significant at 0.005 and 0.01 probability levels. respectively. 
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Figure 3.1: Glomus elun icalum (400X ) 
In both of these reports , Glomus spp. were most abundant and mos t dive r ified. 
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Figure 3.2: Glomus intraradices (400X ) 
Figure 3.3: Glomus constrictum (400X ) 
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Figure 3.4: Glomus mosseae (400X) 
Figure 3 .. '): C igaspora margarita ( lOOX ) 
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Figure 3.6: AcauLospora spinosa (400 X) 
Figure 3.7: S cut ellospora sp. (400\' ) 
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4. CONCLUSIONS 
Results from the survey indicated that most plants from most soils contained 
moderately high levels of VA:\I fungal colonization (GO-IOO%) of soybean, regardless 
of the soil-test P levels. Contrary to the widely accepted belief that maximuIll col-
onization occurs in soils of low fertility, in Iowa soils VAM fungal colonization was 
not restricted to poorer soils, but also was characteristic of soils with relatively high 
levels of available P. 
VAl\I fungal spores were quite common in all the soils sampled. The total spore 
count was significantly different among soil series (P :::: 0.001), as well as within soil 
series (P S 0.01). A negative correlation (P :::: 0.0.5) was found between soil organic 
matter, phosphorus. and VA~I fungal colonization. 
Four VA:\I fungal genera. Glomus.. GigaspoTa, Acaulospora. and Sculdlospora. 
were found associated with soybean rhizosphere soil. Among these. Glomus was the 
most abundant. 
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PART II. 
BRADYRHIZOBIUM-MYCORRHIZAE-SOYBEAN SYMBIOSIS AS 
AFFECTED BY PHOSPHATE FERTILIZATION 
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1. INTRODUCTION 
Soybean [Glycine max (L.) Merr.] plants make use of two important symbiotic 
systems: the rhizobial system, in which Bradyrhizobium japonicum fix atmospheric 
N2 in the root nodules, and the vesicular-arbuscular mycorrhizal system, in which 
VAM fungi (family Endogonaceae) increase uptake of phosphate and other nutrients 
from the soil (Barea and Azcon-Aguilar, 1982). 
In this tripartite symbiosis, one organism perhaps may interact mutualistically or 
adversely with the other two. For example, the two microsymbionts might compete 
for the same resource, i.e., root sugars from the host plant, thus causing growth 
reduction of the host (Bethlenfalvay, 1983; Gabor et al., 198.5). Conversely, the two 
mutualists might indirectly benefit one another by causing an increased growth of 
the host plant and, therefore, enhancing the energy available from the host plant to 
the alternate symbiont (Harris et al., 198.5; Piccini et al., 1988; Young et al., 1988). 
Finally, the two microorganisms might directly interact negatively with one another; 
for example, the two might compete against one another for infection/colonization 
sites, or root nodules may be invaded by VAl\I fungi, etc. 
Little is known about the direct interaction between the endophytes. Whether 
the interaction is positive or negative can be examined by asking 1) whether Bra-
dyrhizobium infection (which in legumes can be assumed to vary directly with some 
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measure of nodule number and/or size) is increased by the presence of the mycor-
rhizal fungus, 2) what is the effect of the mycorrhizal presence on nodule occupancy, 
and 3) what is the effect of Bradyrhizobium presence on extent of mycorrhizal fungal 
colonization? Also, are the mycorrhizal effects on symbiotic Nz fixation exclusively 
phosphate mediated or do mycorrhizae have an involvement other than by providing 
an improved P supply (Barea and Azcon-Aguilar, 1982). Asimi et al. (1980) found 
that soluble phosphate can replace VAM fungi in increasing nitrogenase and nitrate 
reductase activities in nodulated soybean, suggesting that the VAM endophyte in-
teracts indirectly by improving the P status of the host plant. Hicks and Loynachan 
(1987) reported that P fertilization significantly reduced mycorrhizal fungal colo-
nization and the percentage nodule occupancy by members of serogrou p 123 (72 to 
37%) in field-grown soybean, suggesting a possible relationship between VAM and 
Bradyrhizobium that occupy nodules. 
This study evaluated bradyrhizobia-mycorrhizae-soybean tripartite associations 
as affected by P fertilization. P levels were adjusted to extremely limiting, recom-
mended, and excessive rates. The parameters studied included VAM fungal coloniza-
tion, plant growth, nodulation, and bradyrhizobial competition for nodule sites. 
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2. MATERIALS AND METHODS 
2.1 Soil Preparation 
The soil used in this study was uncultivated and contained low P (Nicollet: 34 
g kg- 1 organic matter, 6.2 mg kg- 1 Bray PI-extractable P, 43 mg kg- 1 ammonium 
acetate exchangeable K, and pH 6.60), which was collected from a railroad site at 
the Agronomy and Agricultural Engineering Research Farm, Iowa State University, 
located in Boone County, IA. Soil was mixed with silica sand in a 60:40 ratio and 
stearn sterilized in cotton bags for 2 hat 121 0 C. 
Plastic pots were rinsed with 7.5% ethanol, and 6 kg of the soil/sand mixture was 
transferred to each pot. Pots were arranged on the greenhouse bench and leached 
twice daily with distilled water for one week to remove undesirable salts or toxic 
products from the autoclaving. 
2.2 Planting 
Soybean seeds of the cultivar 'Williams 82' were surface sterilized by immersing 
in 95% ethanol for 3 min followed by five rinses with sterile distilled water. Seeds 
were pregerminated in a crisper in sterilized cotton soaked with water until 1- to 
2-cm radicals emerged. Three seedlings then were transferred to 25-cm (dia) pots 
and thinned one week later to one seedling per pot. There were five replications of 
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each treatment. 
2.3 Bradyrhizohial and Mycorrhizal Fungal Inocula 
Bradyrhizobial strains included USDA 110 labeled with antibiotic resistance 
(spontaneously mutated in our laboratory and able to grow on medium contain-
ing 500 /Lg streptomycin mL -1), an unmarked USDA 110, and an unmarked USDA 
123. Both unmarked strains were obtained from the Nitrogen Fixation Laboratories, 
USDA, Beltsville, MA. All cultures were grown at 27° C in yeast-extract mannitol 
(YEM) broth to a density of approximately 5.5 x 108 cells mL -1. Seedlings were 
inoculated with 1.0 mL of broth of single-strain or mixed-strain cultures (50:50). 
Mycorrhizal (Glomus intraradices) commercial fungal inoculum was obtained 
from Nutri-Link (Salt Lake City, UT) for all mycorrhizal treatments. Ten grams of 
inoculum was mixed in the top 10 em of soil in each pot just before seedling transfer. 
2.4 Watering Schedule 
Plants were watered alternating with a) distilled water and b) Broughton and 
Dillworth's (1970) N-free nutrient solution with three phosphate levels: low (1.6 mg 
POcP L -1), recommended (16.0 mg P04-P L -1), and excessive (160.0 mg POcP 
L -1). For control and mycorrhizal treatments (nonbradyrhizobial treatments), KN03 
(0.05%) was added at each P level to give a N concentration of 70 rng L -1 . 
. Five pots at random were weighed twice a week, and the desired amount of 
solution/water was added to bring the moisture contents of all pots to field capacity. 
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2.5 Growth Measurement 
Plants were harvested at day 77, roots were gently washed to remove soil/ sand 
particles, and the following parameters were recorded: fresh weight of roots, shoots, 
and nodules; length of shoots and roots; and the number of nodules. After taking 
measurements, roots were cut from the shoots at ground level, placed into plastic 
bags, and s~ored at 4° C. Shoots were placed in paper bags, with holes punched, and 
dried at 40° C for 4 days, after which dry weights were recorded. 
Plant tissue was digested by using the H2S04 /H 2 0 2 Hach Digesdahl Digestion 
standard procedure (Hach Company, 1988). Digests were used to determine total P 
and N of the tissue by using a R/3000 spectrophotometer. 
2.6 Nodule Occupancy 
For determination of nodule occupancy by serogroup USDA 110 (marked), 80 
nodules were typed per treatment (16 nodules/plant chosen at random to represent 
tap and lateral root nodules) according to the procedures of Lieberman et al. (1986). 
Nodules were transferred to the wells in the lower titer plate, covered with the top 
plate, and the plates were bound by two rubber bands. Nodules were sterilized by 
sequential immersion in 20% commercial bleach for 3-5 min. 70% ethanol for 3-.5 
min, and three rinses of sterile distilled water for') min each. The lower titer plate 
was removed and nodules were crushed inside the wells with the nailhead-nodule 
replicator, and extract was transferred to plates containing antibiotic YEM medium 
(500 flg streptomycin mL -1) via the nailheads. Plates were incubated at 27° C for 
9 days, and colonies growing from the point of inoculation were counted as positive 
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for the marked strain. 
To determine nodule occupancy by USDA 110, serological agglutination was 
used (Somasegaran and Hoben, 1985). 
2.7 Mycorrhizal Fungal Colonization 
Mycorrhizal fungal colonization was determined by staining and observing 10 
root segments per plant and 50 root segments per treatment. 
2.7.1 Fixing and preservation 
The plant tap root and attached lateral roots were carefully teased apart from 
adhering soil, and washed gently to remove the soil particles. Fine root segments 
were placed in plastic tissue-holding capsules and dipped in FAA (5 mL formaline, .) 
mL glacial acetic acid, and 90 mL 70% ethanol) for 24 h and later preserved in 70% 
ethanol. 
2.7.2 Clearing and staining of roots 
'Whole mounts of roots were made by using a modified Phillips and Hayman's 
(1970) procedure. Root segments, fixed in FAA, were autoclaved for 5 min in 10% 
KOH. Then roots were washed thoroughly with distilled water and stained by sim-
mering for 24 h in 0.05% Trypan blue in lactophenol. The excessive stain was removed 
in lactophenol. 
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2.7.3 Mounting of roots 
Roots were cut into 1-cm segments, and 10 root segments from each plant were 
mounted in ladophenol on microscopic glass slides. Slight pressure on the cover slip 
flattened the KOH-treated segments, so that the characteristic vesicles, arbuscules, 
longitudinally running internal hyphae, and entry points of the endophytes stood out 
clearly against the outlines of the root cells. Colonization was rated on the basis of 
a 1-10 scale, where: 
1 = 1-2 mycelia/root piece. 
2 = 3-4 mycelia/root piece. 
3 = 3-4 mycelia + 1-2 vesicles and arbuscules/piece. 
4 = Mycelia + 5-10 vesicles/field of view (lOX). 
5 = Mycelia + 5-10 vesicles and arbuscules/field of view (lOX). 
6 = Mycelia + 10-20 vesicles/field of view (lOX). 
7 = Mycelia + 10-20 vesicles and arbuscules/field of view (lOX). 
8 = Mycelia + more than 20 vesicles/field of view (lOX). 
9 = Mycelia + more than 20 arbuscules/field of view (lOX). 
10 = Mycelia + more than 20 vesicles and arbuscules/field of view (lOX). 
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3. RESULTS AND DISCUSSION 
3.1 Growth and Nutrient Effects on Host Plant 
Shoot dry weight increased significantly (P :::; 0.00 1) with an increase in P fer-
tilization from low (1.6 mg P04-P L- 1 ) to recommended (16 mg P04-P L- 1 ) levels, 
but decreased with further P fertilization (Figure 3.1). Phosphorus was extremely 
limiting in this soil at the low P level. The low P treatments (control) ayeraged 3.19 
g of shoot dry weight, \",.hereas the recommended P treatments averaged 11.14 g. The 
excessive P application (ten times the recommended rate) was so high that it either 
caused P toxicity or micronutrient deficiencies such as Zn (Christensen and Jackson, 
1981), which resulted in less growth. 
Total N content per shoot followed a similar pattern to that of total growth 
(Figure 3.2), with an increase in N between the low and recommended P treatments 
and a decrease with the excessive P treatments. Total P content per shoot, however, 
increased with each additional increment of P fertilization (Figure 3.3). The low P 
treatment (control) averaged 6.i mg total shoot P, whereas the excessive P treatment 
(control) averaged 48.5 mg P per shoot. 
Inoculation with C. inlraradices of soybean grown at low P levels increased 
the shoot dry weights, total N, and total P in comparison with noninoculated con-
trols. Inoculation with Bradyrhizobium by itself did not improve shoot dry weights. 
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bradyrhizobia. and combinations of both 
but dual inoculation with both C. iniraradices and Bradyrhizobium resulted in sig-
nificantly higher shoot dry weights. total~. and total P (P -.-: 0.001) (Table :3.1). 
Increased growth of nodulated soybean in P deficient soils because of increased P 
uptake by mycorrhizae has been well documented (~Iosse et al.. 1976; Asimi et al.. 
1980: Piccini et al.. 1988). In this study. although ~ was supplied at the rate (70 
mg ~ L -1) recommended by Broughton and Dillworth (1970). both to the control 
and mycorrhizal treatments. the level was not sufficient to substitute for ~:! fixed by 
BradyrhizoblUm in dual symbiosis. ~[ycorrhizal plants had 2.:3'7(( ~. whereas plants 
with dual inoculation of mvcorrhizae and Bradyrhzzobium contained :3.18(( ::\. 
\rhen P was supplied at the recommended rate (16 mg: PO-l-P L -1). inoculation 
of soybean with C. intraradices si~nificantly decreased shoot dry weight (Table :3.2). 
The control averaged 11.1-1 g per shoot. whereas the mycorrhizal treatment a\'eraged 
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Table 3.1: Effect of bradyrhizobial and mycorrhizal fungal inoculations 
at low P application (1.6 mg POcP L -1) on the growth of 
soybean 
Treatment 
Control 
Mycorrhiza 
Bradyrhizobia 
Mycorrhiza and 
bradyrhizobia 
Shoot dry wt. 
(g plant-I) 
3.19(0.53)a 
5.47(1.10) 
3.05(0.25 ) 
7.83(0.32)" 
Total nitrogen 
(mg plant-I) 
65.8( 12.3) 
129.7(26.9) 
66.0 (3.2) 
249.5( 19.5)" 
aMean of five observations (± S.E. of the mean). 
"Significant at 0.01 probability level. 
Total phosphorus 
(mg plant-I) 
6.7(1.5) 
18.0{2.4)"* 
5.6(0.4) 
21.6{1.4)** 
8.34 g per shoot. Reduction in total N per shoot also was highly significant (P 
S 0.01), suggesting that the VAM endophyte had an excessive drain on the host 
carbohydrates and also VAM fungus competed with the host plant for N uptake, 
thus limiting the N availability to the plant (V AM fungal inoculated plants appeared 
somewhat chlorotic). Gabor et al. (1982) obtained similar results with soybean when 
the P supply was not limiting. 
Dual inoculation with Bradyrhizobium and the VA~I endophyte resulted in sig-
nificantly higher shoot dry weights (P :s 0.01), total shoot N (P :s 0.01), and total 
shoot P (P S 0.05). These results agree with results reported by Smith (1982), who 
indicated that the double symbiosis increased Nz fixation and P uptake and also 
provided a balanced nutrient supply to the plant. 
With the excessive P application (160 mg P04-P L -1) used in this study, shoot 
dry weights were not increased significantly with either single inoculation of Brady-
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Table 3.2: Effect of bradyrhizobial and mycorrhizal fungal inoculations at 
recommended P application (16 mg POcP L -}) on the growth 
of soybean 
Treatment 
Control 
Mycorrhiza 
Bradyrhizobia 
Mycorrhiza and 
bradyrhizobia 
Shoot dry wt. 
(g plant -1) 
11.14(0.25)a 
8.34(0.95 )" 
11.75(0.90) 
12.92(0.29)** 
Total nitrogen Total phosphorus 
(mg plant-I) (mg plant-I) 
314.6(21.4) 34.8( 3.3) 
170.6(30.5 )** 37.0( 4.3) 
398.6(31.8)* 47.4(4.2)* 
448.9(8.1 )** 46.6(2.6)* 
aMean of five observations (± S.E. of the mean). 
*'''Significant at 0.05 and 0.01 probability levels, respectively. 
rhizobium or mycorrhizal fungi, or with the dual inoculation of both (Table 3.3). In 
the Bradyrhizobium treatment, however, total N significantly increased from 264 mg 
per shoot in the control treatment to 352 mg in the inoculated treatment (P :S 0.05), 
and total P significantly increased from 48 .. 50 mg per shoot in the control treatment 
to 61.52 mg in the inoculated treatment (P :S 0.01). Similar significant increases 
were found with dual inoculation. 
3.2 Interactions of Bradyrhizobium and Mycorrhizal fungi 
3.2.1 Effect of VAM fungus on bradyrhizobial activity 
Nodule numbers generally increased in bradyrhizobial treatments, with or with-
out mycorrhizal fungal inoculation, with an increase in P fertilization (Table 3.4). 
This substantiates the high P requirement of these symbiotic structures as reported 
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Table 3.3: Effect of bradyrhizobial and mycorrhizal fungal inoculations 
at excessive P application (160 mg POcP L -1) on the growth 
of soybean 
Treatment 
Control 
Mycorrhiza 
Bradyrhizobia 
Mycorrhiza and 
bradyrhizobia 
Shoot dry wt. 
(g plant- 1 ) 
9.43(0.57) 
8.91(0.56) 
9.89(0.08) 
11.05(0.65) 
Total nitrogen Total phosphorus 
(mg plant- 1 ) (mg plant- 1 ) 
263.5(32.4) 48.5(2.8 ) 
247.1( 15.6) 58.6( 4.1) 
351.8(81.3)* 61.5(0.7)** 
374.9(21.6)* 66.4( 4.3)** 
aMean of five observations (± S.E. of the mean). 
*'**Significant at 0.05 and 0.01 probability levels, respectively. 
by others (Bergersen, 1971; Gates and Wilson, 1974). Single degree-of-freedom con-
trasts for singly inoculated (Bradyrhizobium) vs. dualy inoculated (Bradyrhizobium 
and mycorrhizae) soybean plants indicated that only at the low P level did inoculation 
with mycorrhizae significantly affect nodule number (P S; 0.001). With dual inocula-
tion, nodules per plant averaged 35.6 compared with 13.8 nodules per plant without 
mycorrhizal fungal inoculation. Mycorrhizae apparently improved the nutrition and 
growth of the host, which aided in nodule development. At the recommended and 
excessive P levels, mycorrhizal fungal inoculation did not affect nodule number. Per-
centage nodule occupancy by serogroup USDA 110 (marked) vs. USDA 123 did not 
increase significantly with the presence of the VAM endophyte. 
Pot experiments have confirmed that VAM fungi can greatly increase nodula-
tion and N2 fixation of soybean plants (Skipper and Smith, 1979; Asimi et aI., 1980; 
Carling and Brown, 1980). Stimulation of Bradyrhizobium N 2-fixing activity is re-
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Table 3.4: Nodulation and VAM fungal colonization as affected by the in-
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
teractions of VAM fungus and bradyrhizobia at different levels 
of P application 
Treatment P level Nodulation Nodule occup. 
No. plant- 1 by marked 110 
(%) 
Bradyrhizobia ·low 13.8(1.0)a 6.4(2.9) 
Mycorrhiza low 00.0(0.0) 00.0(0.0) 
Bradyrhizobia low 35.6(2.5)*** 24.0(8.1 ) 
and Mycorrhiza 
Bradyrhizobia recb 58.6(2.7) 41.2(4.3) 
Mycorrhiza rec 00.0(0.0) 00.0(0.0) 
Bradyrhizobia rec 60.4(6.0) 37.6(6.2) 
and Mycorrhiza 
Bradyrhizobia excC 70.2( 4.9) 28.4( 4.2) 
Mycorrhiza exc 00.0(0.0) 00.0(0.0) 
Bradyrhizobia exc 67 .9( 5.3) 20.2(2.2) 
and Mycorrhiza 
aMean of five observations (± S.E. of the mean). 
bRecommended. 
cExcessive. 
VAM fungal 
colonization 
( 1-10 scale) 
00.0(0.0) 
10.0(0.0) 
9.4(0.1) 
00.0(0.0) 
7.0( 1.3) 
8.0( 0.5) 
00.0(0.0) 
0.4(0.1) 
0.3(0.1) 
···Significant at 0.001 probability level based on single-degree-of-freedom con-
trasts comparing nodule number and nodule occupancy with bradyrhizobial vs. 
dual inoculation at each P level (trt 1 vs. 3, 4 vs. 6, and 7 vs. 9); and comparing 
VAM fungal colonization with mycorrhizal fungal vs. dual inoculation at each P 
le·vel (trt 2 vs. 3, 5 vs. 6, and 8 vs. 9). 
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lated to an improvement in P uptake by the plant. In this study, significantly higher 
mycorrhizal fungal colonization at low P (Table 3.4) enhanced P uptake and hence 
nodulation. At the recommended and excessive levels, mycorrhizal fungal coloniza-
tion was significantly decreased (3 to 80%). 
3.2.2 Effect of bradyrhizobia on VAM fungal colonization 
Mycorrhizal fungal colonization decreased significantly (P ::; 0.01) with an in-
crease in P fertilization from 9.4 to 10.0 in the low P treatment (Table 3.4) to 0.3 to 
0.4 in the excessive P treatment. No significant differences in the extent of VAM fun-
gal colonization were found between treatments inoculated with bradyrhizobia and 
those not inoculated in the extent of VAM fungal colonization. This suggests the 
lack of a direct interaction. Little information is available on the possible increase in 
mycorrhizal fungal growth because of the presence of Bradyrhizobium. This seems, 
in large part, because of the lack of standard measures of mycorrhizal fungal growth 
and to the technical difficulties involved in measurement (Biermann and Linderman, 
1981; Helen and Boucher, 1983). Results of this study were similar to the studies by 
Bagyaraj et al. (1979) and Kucey and Paul (1982), in which they found no signifi-
cant change in colonization of G. fasciculatum and G. mosseae after inoculation with 
Rhizobium. 
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4. CONCLUSIONS 
Growth responses of soybean to VAM fungal colonization and Bradyrhizobium 
nodulation over a range of P availability appeared to be affected directly by the 
competition of the two symbionts for host carbohydrates. At low levels of P, greater 
nodulation was favored, likely because of increased P uptake by the VA1VI fungi. At 
recommended and excessive levels of P application, when control and VAM plants 
were grown with N supplied from nutrient solution, VAM plants were chlorotic, in-
dicating VAM fungus competition with host for N. In all cases when the tripartite 
association was dependent on atmospheric N 2 fixation, dual inoculation resulted in 
greater plant growth. This suggests that the iO mg L -1 N03 -N was inadequate to 
meet plant N needs. 
No direct effects of VAl\I fungal colonization on nodulation and nodule occupancy 
were observed. This suggests that VAM fungi mainly improved P nourishment of the 
host plant and did not interact directly with Bradyrhizobium. 
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SUMMARY AND CONCLUSIONS 
Results from the field survey indicated that most plants from most soils sampled 
contained rather extensive mycorrhizal fungal colonization, in spite of the relatively 
high soil-test P levels. More arbuscules normally were observed in the roots than 
vesicles. The arbuscules are thought to be the site of transfer of P and photosynthate 
between plant and fungus, whereas vesicles are thought to be storage organelles. Soils 
were analyzed for soil-test P, K, pH, O.M., and VAM spore count per 100 g soil. 
VAM fungal colonization was negatively correlated with soil O.M. and P (P :::; 0.0.5). 
No significant correlation was found between VAM hyphal colonization and spore 
count. Four VAM fungal genera were found associated with soybean [Glycine max 
(L.) Merr.] growing in Iowa soils: Glomus, Gigaspora, Acaulospora, and Scutellospora. 
Among these, Glomus spp. were most common. These initial field surveys of Iowa 
soils indicated abundant VAM fungal colonization in highly P fertilized soils. It is 
not known whether the role of these indigenous VAM fungi is symbiotic or parasitic 
under the present situation. 
Interactions between Glomus intraradices and Bradyrhizobium japonicum in soy-
bean grown in the greenhouse were evaluated at three levels of P fertilization. Dual 
inoculation with mycorrhizal fungi and bradyrhizobia, at both low and recommended 
P levels increased shoot dry weight (P :::; 0.01), total shoot N (P :::; 0.01), and increased 
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total shoot P (P ::; 0.01 at low P and P ::; 0.05 at recommended P levels, respec-
tively). Single inoculation with Bradyrhizobium at low P levels, however, resulted in 
significantly (P ::; 0.01) less growth than with dual inoculation, presumably because 
of P limitations for the bacteria and the subsequent impairment of N2 fixation. Single 
inoculation with VAM fungi at the recommended level of P fertilization also signifi-
cantly decreased shoot dry weight (P ::; 0.05) and total shoot N (P ::; 0.01), perhaps 
because of VAM endophyte competition with the host for photosynthate and/or N. 
Nodule numbers increased significantly (P ::; 0.001) in low P treatments with dual in-
oculation, but no significant differences were observed in nodule occupancy by USDA 
110 vs. USDA 123 at any P level with or without VAM fungal inoculation. 
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APPENDIX A. CROP HISTORY 
Soil series Rotation Cultivar Fertilizer Pesticide 
kg ha- 1 
Clarion 
Soil 1 COS Hack 0+56+100 Dual 
Lasso 
Soil 2 CS Pioneer 0+0+0 None 
Soil 3 CS a 0+0+0 None 
Kenyon 
Soil 1 CS a 11 +56+ 134 Basagran 
Dash 
Soil 2 CS Stine 8920 0+0+0 Cannon 
Command 
Soil 3 CS Halfman 8900 0+0+0 Prowl 
Basagran 
Blazer 
Sharpsburg 
Soil 1 CS Asgrow 3127 0+0+0 Treflan 
Preyiew 
Soil 2 CS a a a 
Soil 3 CS Dekalb ,)36 0+0+0 Atrizene 
Tama 
Soil 1 CSS a 0+0+0 TraHan 
Basagran 
Soil 2 CS Asgrow 2943 0+0+0 TraHan 
Basagran 
79 
Soil 3 CS Pioneer 9301 0+0+0 Traftan 
Classic 
Webster 
Soil 1 CS McCubbin Custer 0+44+134 Dual 
Amiben 
Soil 2 a a a 
Soil 3 CS Pioneer 9271 0+0+0 Treftan 
Galaxy 
aIndicates missing information. 
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APPENDIX B. SOYBEAN FIELD SURVEY 
Soil series VAl\I fungal colonization Spore count 
Hyphae Vesicles Arbuscules per 100 g soila 
% 
Clarion 
Sample 1 
Subs ample 1 
Plant 
1 100 80 100 145 
2 100 100 100 
3 100 80 80 
4 100 100 100 
5 100 80 100 
Subsample 2 
Plant 
1 100 40 100 230 
2 80 20 60 
3 100 100 100 
4 100 20 100 
5 100 20 100 
aComposite of soil collected from the roots of five plants. 
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Sample 2 
Subs ample 1 
Plant 
1 80 0 40 139 
2 100 40 100 
3 60 0 60 
4 100 80 100 
.5 80 20 60 
Subsample 2 
Plant 
1 60 0 60 1.5.5 
2 100 40 80 
3 100 40 60 
4 100 20 80 
5 100 20 80 
Sample 3 
Subsample 1 
Plant 
1 80 0 40 .')2 
2 100 20 100 
3 20 a 20 
4 80 0 60 
5 60 20 20 
Subsample 2 
Plant 
1 60 40 20 90 
2 80 40 0 
3 40 20 a 
4 100 40 60 
.5 40 0 0 
Kenyon 
Sample 1 
Subsample 1 
Plant 
1 80 20 80 70 
2 100 80 80 
3 100 0 100 
4 100 80 80 
.5 100 40 100 
82 
Subsample 2 
Plant 
1 60 0 20 128 
2 60 40 60 
3 100 80 60 
4 80 40 80 
5 80 40 60 
Sample 2 
Subsample 1 
Plant 
1 100 100 100 186 
2 100 100 100 
3 60 60 60 
4 100 80 80 
5 100 80 100 
Subsample 2 
Plant 
1 100 60 80 279 
2 100 40 80 
3 100 20 60 
4 100 20 80 
,5 100 10 60 
Sample 3 
Subsample 1 
Plant 
1 80 80 40 83 
2 100 40 40 
3 100 40 40 
4 100 80 60 
.5 80 40 40 
Subsample 2 
Plant 
1 100 100 100 .5:~ 
2 100 80 40 
3 60 20 60 
4 100 60 40 
.5 100 80 60 
83 
Sharpsburg 
Sample 1 
Subsample 1 
Plant 
1 100 100 80 831 
2 100 80 80 
3 100 a 40 
4 100 100 100 
5 100 100 100 
Subsample 2 
Plant 
1 100 20 20 116.) 
2 100 60 60 
3 80 20 60 
4 80 a 40 
5 80 a a 
Sample 2 
Subsample 1 
Plant 
1 100 100 100 210 
2 100 100 100 
3 100 60 80 
4 80 20 80 
5 100 100 100 
Subsample 2 
Plant 
1 100 100 20 193 
2 10 40 40 
3 10 40 60 
4 80 40 60 
5 80 40 40 
Sample 3 
Subsample 1 
Plant 
1 80 a 20 95 
2 80 20 60 
3 100 80 80 
4 100 100 100 
.5 100 100 100 
84 
Subsample 2 
Plant 
1 100 60 80 41 
2 100 100 100 
3 100 80 100 
4 100 40 60 
5 100 80 80 
Tama 
Sample 1 
Subsample 1 
Plant 
1 100 60 60 62 
2 100 40 100 
3 100 80 100 
4 100 100 100 
5 100 40 80 
Subsample 2 
Plant 
1 100 60 60 70 
2 100 20 80 
3 100 60 60 
4 100 100 100 
5 100 20 60 
Sample 2 
Subsample 1 
Plant 
1 100 100 100 88 
2 100 20 60 
3 100 80 100 
4 80 20 60 
5 100 60 100 
Subsample 2 
Plant 
1 100 40 40 68 
2 100 60 60 
3 100 60 100 
4 100 60 80 
5 100 80 100 
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Sample 3 
Subsample 1 
Plant 
1 100 20 60 354 
2 100 40 80 
3 80 40 60 
4 100 100 100 
.5 100 60 80 
Subsample 2 
Plant 
1 100 40 80 181 
2 100 80 100 
3 100 0 80 
4 60 40 60 
5 100 20 60 
Webster 
Sample 1 
Subsample 1 
Plant 
1 60 40 40 838 
2 20 0 0 
3 80 20 20 
4 80 20 40 
.5 60 20 20 
Subsample 2 
Plant 
1 60 20 40 846 
2 100 60 60 
3 100 60 60 
4 100 20 60 
5 100 0 100 
Sample 2 
Subsample 1 
Plant 
1 80 60 0 8:30 
2 40 40 20 
3 100 80 0 
4 100 80 0 
.5 80 80 40 
86 
Subsample 2 
Plant 
'1 100 40 80 190 
2 100 40 80 
3 100 80 60 
4 20 0 0 
5 60 20 40 
Sample 3 
Subsample 1 
Plant 
1 100 60 100 567 
2 100 0 100 
3 100 0 0 
4 100 40 40 
5 60 20 40 
Subsample 2 
Plant 
1 100 20 60 !n 
2 60 20 40 
3 100 80 40 
4 40 0 0 
5 20 0 0 
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APPENDIX C. EXPERIMENTAL DESIGN OF GREENHOUSE 
STUDY 
1. Completely randomized design. 
II. 15 treatments, factorial combination of three phosphate levels and five 
microbial treatments. 
A. Phosphate levels (in watering solution). 
1. Low 1.6 mg P04-P L- 1 
2. Recommended 16.0 mg POcP L- 1 
3. Excessive 160.0 mg POcP L- 1 
B. Microbial treatments. 
1. Control (no inoculation). 
2. Bradyrhizobium 110 (marked). 
3. Bradyrhizobium 123. 
4. ~lycorrhizal fungus (Glomus intraradices). 
5. Bradyrhizobium (110 + 123) and mycorrhizal fungus mixture. 
III. Five replications per treatment. 
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APPENDIX D. SOYBEAN PLANT GROWTH PARAMETERS AS 
AFFECTED BY DIFFERENT TREATMENTS 
Treatment Shoot dry Total N Total P 
weight 
(g) (mg) (mg) 
Low P 
Control 
1 3.33 68.0 6.3 
2 3.12 68.3 6.0 
3 1..53 24.6 2.5 
4 4.93 102.2 12.3 
.5 3.08 65.9 6.4 
Mycorrhiza 
1 7.30 183.6 Ii.S 
2 .5.94 120.8 13.6 
3 1.18 29.9 27.4 
4 .5.98 1.51.1 15.7 
5 6.97 162.8 15.7 
Bradyrhizobia 
1 3.13 61.0 6.2 
2 2.92 64.2 5.6 
3 2.75 69.0 4.6 
4 3.97 77.0 7.0 
.5 2.48 .59.0 4.8 
89 
Mycorrhiza and 
bradyr hizobia 
1 8.87 304.7 26.9 
2 8.27 282.8 21.5 
3 7.74 230.6 21.3 
4 7.16 234.1 18.0 
5 7.16 195.4 20.4 
Recommended P 
Control 
1 11.75 :395.0 47.2 
2 10.59 272.0 29.8 
3 10.76 296.2 28.6 
4 11.76 318.3 31.9 
5 10.8.5 291.4 36.4 
Mycorrhiza 
1 8.99 124.6 ·13.6 
2 7.60 218.4 33.7 
3 11.76 265.5 .50.0 
4 6.89 105.0 32.6 
5 6.50 139.8 2.5.1 
Bradyrhizobia 
1 12.89 415.0 48.4 
2 11.30 412.4 -16.3 
3 13.65 484.5 .58.2 
4 12.46 393.7 .51.9 
5 8.48 287.4 32.:3 
l\lyrorrhiza and 
bradyrhizobia 
1 12.49 428.4 e17.5 
2 12.1.5 432 .. 5 ,:)6.1 
3 13.0.5 469.8 41.7 
4 13.1.5 4.51.0 46 .. 5 
.5 13.86 462.9 41.4 
90 
Excessive P 
Control 
1 9.96 296.1 49.3 
2 9.11 280.0 .59.1 
3 7.60 203.9 44.9 
4 9.41 179.2 43.7 
5 11.10 3.58.5 45.3 
Mycorrhiza 
1 10.67 190.9 71.2 
2 8.40 236.8 .53.5 
3 9.75 274.7 6.5 .. 5 
4 7..58 148.1 48.6 
5 8.li 258.4 54.4 
Bradyrhizobia 
1 9.75 344.1 60.0 
2 9.80 357.7 62.8 
3 9.81 381.6 60.4 
4 9.88 334.9 60.4 
5 10.21 341.0 63.8 
Mycorrhiza and 
bradyrhizobia 
1 11.46 394.2 63.1 
2 11.7.5 407.7 70.2 
3 8.49 302.2 .)2.4 
4 12.22 420.3 79.1 
.5 11.36 349.8 67.1 
